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Last Really Exciting Discoveries
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My Ph.D. advisor, Sau Lan Wu
co-discoverer of gluon (1979)

Sam Ting, Nobel Prize 1976

Top Quark discovery in 
1995, exciting, but expected
(as heavy as a gold atom)
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Fundamental Particles & Interactions
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Fundamental Particles & Interactions
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The mass of the electron

The electron is a fundamental particle deriving its mass from 
interactions with the Higgs field

The mass of the electron sets the scale of the atom
‣ without the Higgs, the universe would be a very different place
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a0 =
~2

mee2
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The origin of mass

When you step on the scale, most of your mass comes from the 
nuclei of atoms.

6

E = mc2

Quark masses only contribute ~1%

Most mass comes from energy
in the quarks and gluons inside very
dynamic protons and neutrons
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Fermi’s theory of beta decay
In 1933 Fermi proposed a theory of beta decay
‣ four-fermion vertex with coupling constant GF

The theory has a serious sickness
‣ unitarity violation: interaction probability grows with energy 
until probabilities are greater than 1.  

‣ The theory is non-renormalizable. 
Now we see Fermi theory as an “effective theory” valid to energy 
scales comparable with the mass of the W-boson.
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The Success of the Standard Model & QFT
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Non-trivial  aspects of the theory have been tested to < 1 ppm
‣ These results give us confidence QFT’s concept of renormalization
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Higgs

Violation of unitarity @ √s ! 1.7 TeV Restores unitarity if 
mH " 0.8-1 TeV

LHC is designed to explore this entire region

Some physics must kick in  ~ 1 TeV to restore unitarity,
could be Higgs, could be KK states, could be ….

Otherwise observe strong WW scattering
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Physics of a spring
The potential energy depends on stiffness of spring
Period of oscillation depends on stiffness of spring and mass of block.
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The Standard Model Higgs

15

We know that the W, Z bosons 
are massive, but explicit mass 
terms for the W,Z break the 
electroweak gauge symmetry.
‣ massless W,Z only have 
transverse polarizations
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The Standard Model Higgs

Higgs mechanism: 
‣ Add   , a new [complex doublet of] scalar 

field[s] with specific potential     
and interactions with W,Z
● generates masses for W,Z
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Interactions with fermions:

We know that the W, Z bosons 
are massive, but explicit mass 
terms for the W,Z break the 
electroweak gauge symmetry.
‣ massless W,Z only have 
transverse polarizations

● coupling arbitrary, but proportional to mass
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Quick guide to the LHC
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Particle identification
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Anatomy of a collision
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Generation of an e+e−

→ tt̄ → bb̄W +W − event

• hard scattering

• (QED) initial/final
state radiation

• partonic decays, e.g.
t → bW

• parton shower
evolution

• nonperturbative
gluon splitting

• colour singlets

• colourless clusters

• cluster fission

• cluster → hadrons

• hadronic decays

Anatomy of a collision
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Generation of an e+e−

→ tt̄ → bb̄W +W − event

• hard scattering

• (QED) initial/final
state radiation

• partonic decays, e.g.
t → bW

• parton shower
evolution

• nonperturbative
gluon splitting

• colour singlets

• colourless clusters

• cluster fission

• cluster → hadrons

• hadronic decays

Anatomy of a collision

We don’t always get it right, sometimes 
one particle “fakes” another
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Number of collisions in 2011

80 mb ⋅ 5 fb-1 = 4⋅1014 collisions

23

<N> = σ L

1 nb = 10-33 cm2

expected number of scatterings = cross section [cm2] x Luminosity [1/cm2]

Tuesday, July 10, 12



Tuesday, July 10, 12



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

BNL Colloquium, July 10, 2012 25

W Z γW γZ tt t WW WZ ZZ

 [p
b]

to
ta

l
σ

10

210

310

410

510

-11 fb

-11 fb

-11 fb

-10.7 fb

-10.7 fb

)-1Data 2010  (~35 pb
Data 2011

Theory

ATLAS PreliminaryATLAS PreliminaryATLAS Preliminary
-1 L dt = 0.035 - 1.04 fb∫

 = 7 TeVs

-1 L dt = 0.035 - 1.04 fb∫
 = 7 TeVs

-1 L dt = 0.035 - 1.04 fb∫
 = 7 TeVs

The steady march of progress

Tuesday, July 10, 12



Tuesday, July 10, 12



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

BNL Colloquium, July 10, 2012 27

W Z γW γZ tt t WW WZ ZZ

 [p
b]

to
ta

l
σ

10

210

310

410

510

-11 fb

-11 fb

-11 fb

-10.7 fb

-10.7 fb

)-1Data 2010  (~35 pb
Data 2011

Theory

ATLAS PreliminaryATLAS PreliminaryATLAS Preliminary
-1 L dt = 0.035 - 1.04 fb∫

 = 7 TeVs

-1 L dt = 0.035 - 1.04 fb∫
 = 7 TeVs

-1 L dt = 0.035 - 1.04 fb∫
 = 7 TeVs

The steady march of progress

Tuesday, July 10, 12



Top quark pair decaying to bb eµ ET,miss
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LHC 
The LHC has been performing very well 
‣ >5 fb-1 delivered in 2011 at 7 TeV 
‣ already >6 fb-1 delivered in 2012, running at 8 TeV
‣ peak luminosity ~7⋅1033 cm-2s-1 (high pile-up environment)

ATLAS data taking efficiency >93%
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Pile-up

32

Mean Number of Interactions per Crossing
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Standard Model Higgs Properties

33

Production and Decay of the Standard Model Higgs @ the LHC
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- Gluon-Gluon Fusion dominant production process.
- Vector Boson Fusion (Hqq) ≈ 20% of gg at 120 GeV
- Associated production with W, Z and heavy quarks have

small rate, but can provide trigger independent of H decay

September 26, 2006

University of Rochester Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 10)

Kyle Cranmer

Brookhaven National Laboratory

outin

The Higgs boson can be produced via 
different interactions.
Production cross section σ depends on 
the unknown Higgs mass
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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The Higgs boson then decays in one of 
several possible final states
The fraction of each decay mode also 
depends on the unknown Higgs mass

Standard Model Higgs Properties
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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Putting the Higgs back together again

Don’t believe the media:

34

EHiggs = Ebefore = Eafter =
X

i

Ei

~pHiggs = ~pbefore = ~pafter =
X

i

~pi

E 6= mc2

E2 = (mc2)2 + (|~p|c)2
What Einstein really said:

Every Physics I student knows energy and momentum are conserved

Thus, we can estimate the mass of the Higgs with

mH =
q

E2
after/c

4 � |~pafter|2/c2
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The 2-photon invariant mass
The invariant mass of the 2 photons will peak at the Higgs boson mass

Measure γ direction with calorimeter to find location of primary vertex
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Background composition
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Peak!
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“Pile-up” contribution subtracted.  If subtraction is 
not perfect, residual dependence of the isolation 
energy on the location along the beam

Beginning of the train: no cancellation 
from previous bunches

From 12 bunches inside the 
train: full cancellation Effect well described by (detailed !) ATLAS simulation
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Photon are required to be isolated

Corrected recently with 
improved subtraction algorithm 

Photon Isolation and Pileup
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The H→ ZZ*→ 4l signal
The 4-lepton channel is called the ‘golden’ channel because it has 
very little background and a very sharp peak
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The observation in the 4l channel
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Background composition
Details of the background are different for electrons and muons

43

Data well described by simulation within uncertainties 

Samples of Z+”µ” and Z+”e” used to compare efficiencies of isolation and 
impact parameter requirements between data and simulation: good agreement

l3l4 = µµ  background dominated by tt 
and Zbb in low mass region

l3l4 = ee  background dominated by 
Z+jets in low mass region
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The rest of the story
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Table 1: Summary of the individual channels entering the combination. The transition points between
separately optimized mH regions are indicated when applicable. The symbols ⌦ and � represent direct
products or sums over sets of selection requirements.

Higgs Decay Subsequent Sub-Channels mH Range
R

L dt Ref.Decay [GeV] [fb�1]
2011

p
s =7 TeV

H ! �� – 9 sub-channels {pTt ⌦ ⌘� ⌦ conversion} � {2-jets} 110–150 4.8 [14]

H ! ZZ(⇤)
```0`0 {4e, 2e2µ, 2µ2e, 4µ} 110–600 4.8 [15]
``⌫⌫̄ {ee, µµ} ⌦ {low, high pile-up} 200–280–600 4.7 [16]
``qq̄ {b-tagged, untagged} 200–300–600 4.7 [17]

H ! WW (⇤) `⌫`⌫ {ee, eµ, µµ} ⌦ {0-jets, 1-jet, 2-jets} ⌦ {low, high pile-up} 110–200–300–600 4.7 [18]
`⌫qq0 {e, µ} ⌦ {0-jets, 1-jet, 2-jets} 300–600 4.7 [19]

H ! ⌧+⌧�
⌧lep⌧lep {eµ} ⌦ {0-jets} � {``} ⌦ {1-jet, 2-jets, VH} 110–150 4.7

⌧lep⌧had
{e, µ} ⌦ {0-jets} ⌦ {Emiss

T < 20 GeV, Emiss
T � 20 GeV} 110–150 4.7 [20]

� {e, µ} ⌦ {1-jet} � {`} ⌦ {2-jets}
⌧had⌧had {1-jet} 110–150 4.7

VH ! bb
Z ! ⌫⌫ Emiss

T 2 {120 � 160, 160 � 200,� 200 GeV} 110-130 4.6
W ! `⌫ pW

T 2 {< 50, 50 � 100, 100 � 200,� 200 GeV} 110-130 4.7 [21]
Z ! `` pZ

T 2 {< 50, 50 � 100, 100 � 200,� 200 GeV} 110-130 4.7
2012

p
s =8 TeV

H ! �� – 9 sub-channels {pTt ⌦ ⌘� ⌦ conversion} � {2-jets} 110–150 5.9 [14]
H ! ZZ(⇤) ```0`0 {4e, 2e2µ, 2µ2e, 4µ} 110–600 5.8 [15]

to the shape of the shower in the electromagnetic calorimeter. For the 2012 data analysis, a cut-based
identification algorithm is used. The analysis in this channel separates events into ten independent cat-
egories of varying sensitivity. Similarly to the analysis of Ref. [22], the categorization is based on the
pseudorapidity of each photon, whether it was reconstructed as a converted or unconverted photon, and
the momentum component of the diphoton system transverse to the diphoton thrust axis (pTt ).

An additional two-jets category, specifically aimed at selecting events produced in the vector boson
fusion (VBF) process, has been added to the analysis for both 2011 and 2012. In this category, events are
required to have at least two hadronic jets with pseudorapidities |⌘jet| < 4.5 and transverse momenta in
excess of 25 GeV. For the 2012 data sample, the minimum p jet

T requirement is raised to 30 GeV for for-
ward jets (2.5 < |⌘jet| < 4.5). The two jets are further required to have a large di↵erence in pseudorapidity
(|�⌘ j j| >2.8) and a large reconstructed invariant mass (m j j >400 GeV). Jets in the acceptance of the inner
tracking system are required to have more than 75% of their associated track momentum matched to the
primary vertex. The azimuthal angle di↵erence between the dijet and the diphoton systems is required to
be larger than 2.6.

For all categories the diphoton invariant mass distribution is fitted to estimate the background and
used as a discriminating variable to distinguish signal and background. The mass resolution is approxi-
mately 1.7 GeV for mH⇠126.5 GeV, varying slightly by category. A detailed description of the H ! ��
analysis updates is reported in Ref. [14].

2.2 H ! ZZ(⇤) ! `+`�`+`�

The H ! ZZ(⇤) ! `+`�`+`� search is performed for mH hypotheses in the mass range between 110 GeV
to 600 GeV. The datasets correspond to an integrated luminosities of 4.8 fb�1 and 5.8 fb�1of pp for
2011 and 2012, respectively [15]. The main irreducible ZZ(⇤) background is estimated using a Monte
Carlo simulation. The reducible Z+jets background, which has an impact mostly for low four-lepton
invariant masses, is estimated from control regions in the data obtained by loosening the isolation and
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FIG. 1. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → γγ, (b) H → ZZ(∗) → "+"−"+"− in the entire mass range, (c) H → ZZ(∗) → "+"−"+"− in
the low mass range, (d) H → ZZ → "+"−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → "+"−qq, (g) H →
WW (∗) → "+ν"−ν+0-jets, (h) H → WW (∗) → "+ν"−ν+1-jet, (i) H → WW (∗) → "+ν"−ν+2-jets, (j) H → WW → "νqq′+0-
jets, (k) H → WW → "νqq′+1-jet and (l) H → WW → "νqq′+2-jets. The H → WW (∗) → "+ν"−ν+2-jets distribution is
shown before the final selection requirements are applied.
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FIG. 2. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → τlepτlep+0-jets, (b) H → τlepτlep 1-jet, (c) H → τlepτlep+2-jets, (d) H → τlepτhad+0-jets and
1-jet, (e) H → τlepτhad+2-jets, (f) H → τhadτhad. The bb invariant mass for (g) the ZH → "+"−bb̄, (h) the WH → "νbb̄ and (i)
the ZH → ννbb̄ channels. The vertical dashed lines illustrate the separation between the mass spectra of the subcategories in
pZT, p

W
T , and Emiss

T , respectively. The signal distributions are lightly shaded where they have been scaled by a factor of five or
ten for illustration purposes.
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FIG. 1. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → γγ, (b) H → ZZ(∗) → "+"−"+"− in the entire mass range, (c) H → ZZ(∗) → "+"−"+"− in
the low mass range, (d) H → ZZ → "+"−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → "+"−qq, (g) H →
WW (∗) → "+ν"−ν+0-jets, (h) H → WW (∗) → "+ν"−ν+1-jet, (i) H → WW (∗) → "+ν"−ν+2-jets, (j) H → WW → "νqq′+0-
jets, (k) H → WW → "νqq′+1-jet and (l) H → WW → "νqq′+2-jets. The H → WW (∗) → "+ν"−ν+2-jets distribution is
shown before the final selection requirements are applied.
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FIG. 2. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → τlepτlep+0-jets, (b) H → τlepτlep 1-jet, (c) H → τlepτlep+2-jets, (d) H → τlepτhad+0-jets and
1-jet, (e) H → τlepτhad+2-jets, (f) H → τhadτhad. The bb invariant mass for (g) the ZH → "+"−bb̄, (h) the WH → "νbb̄ and (i)
the ZH → ννbb̄ channels. The vertical dashed lines illustrate the separation between the mass spectra of the subcategories in
pZT, p

W
T , and Emiss

T , respectively. The signal distributions are lightly shaded where they have been scaled by a factor of five or
ten for illustration purposes.
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Visualizing probability models

46

G(x|µ, ⇥) (µ, ⇥)
I will represent PDFs graphically as below (directed acyclic graph)
‣ eg. a Gaussian                  is parametrized by                    
‣ every node is a real-valued function of the nodes below 

G

x µ σ
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Marked Poisson Process
Channel: a subset of the data defined by some selection 
requirements.  
‣ eg. all events with 4 electrons with energy > 10 GeV
‣ n: number of events observed in the channel
‣ ν: number of events expected in the channel

Discriminating variable: a property of those events that can be 
measured and which helps discriminate the signal from background
‣ eg. the invariant mass of two particles 
‣ f(x): the p.d.f. of the discriminating variable x

Marked Poisson Process:

47

f(D|⌫) = Pois(n|⌫)
nY

e=1

f(xe)

D = {x1, . . . , xn}
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Mixture model
Total distribution is a mixture model with components 
corresponding to various signal and background interactions

48

10 ATLAS collaboration: Search for the Standard Model Higgs Boson

Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → !!νν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l
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Parametrizing the model
Parameters of interest (µ): parameters of the theory that modify the 
rates and shapes of the distributions, eg.
‣ the mass of the Higgs boson mH

‣ the “signal strength” μ=0 no signal, μ=1 predicted signal rate

Nuisance parameters (θ): associated to uncertainty in:
‣ response of the detector (calibration)
‣ phenomenological model of interaction in non-perturbative regime

Lead to a parametrized model: 
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⌫ ! ⌫(↵), f(x) ! f(x|↵)

f(D|↵) = Pois(n|↵)

nY

e=1

f(xe|↵)

↵ = (µ,✓)
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syst 1
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Tabulate effect of individual variations of sources of systematic uncertainty
‣ typically one at a time evaluated at nominal and “± 1 σ”
‣ use some form of interpolation to parametrize pth variation in terms of 

nuisance parameter αp 

Incorporating Systematic Effects

10 ATLAS collaboration: Search for the Standard Model Higgs Boson

Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → !!νν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l

f(D|↵) = Pois(n|↵)

nY

e=1

f(xe|↵)
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Tabulate effect of individual variations of sources of systematic uncertainty
‣ typically one at a time evaluated at nominal and “± 1 σ”
‣ use some form of interpolation to parametrize pth variation in terms of 

nuisance parameter αp 

Incorporating Systematic Effects

10 ATLAS collaboration: Search for the Standard Model Higgs Boson

Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → !!νν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l
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Tabulate effect of individual variations of sources of systematic uncertainty
‣ typically one at a time evaluated at nominal and “± 1 σ”
‣ use some form of interpolation to parametrize pth variation in terms of 

nuisance parameter αp 

Incorporating Systematic Effects

10 ATLAS collaboration: Search for the Standard Model Higgs Boson

Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → !!νν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l
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Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
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WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l
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Table 5. Numbers of events estimated as background, observed in data and expected from signal in the H → ZZ → !!qq search
for low mass (mH < 360 GeV) and high mass (mH ≥ 360 GeV) selections. The signal, quoted at two mass points, includes small
contributions from !!!! and !!νν decays. Electron and muon channels are combined. The uncertainties shown are the statistical
and systematic uncertainties, respectively.

Source low mass selection high mass selection
Z+jets 214± 4± 27 9.1± 0.9± 1.4
W+jets 0.33 ± 0.16 ± 0.17 −

tt̄ 0.94 ± 0.09 ± 0.25 0.08 ± 0.02± 0.03
Multi-jet 3.81 ± 0.65 ± 1.91 0.11 ± 0.11± 0.06

ZZ 3.80 ± 0.10 ± 0.73 0.30 ± 0.03± 0.06
WZ 2.83 ± 0.05 ± 0.88 0.29 ± 0.02± 0.10

Total background 226± 4± 28 9.9± 0.9± 1.5
H → ZZ → !!qq 0.60 ± 0.01 ± 0.12 (mH = 200 GeV) 0.24± (< 0.001) ± 0.05 (mH = 400 GeV)

Observed 216 11

data. The multi-jet background in the electron channel is
derived from a sample where the electron identification
requirements are relaxed. In the muon channel, the multi-
jet background is estimated from a simulated sample of
semi-leptonically decaying b- and c-quarks and found to be
negligible after the application of the m!! selection. This
was verified in data using leptons with identical charges.

6.3.2 Results for the H → ZZ → !!νν search

The H → ZZ → !!νν analysis is performed for Higgs
boson masses between 200 GeV and 600 GeV in steps of
20 GeV. Table 6 summarises the numbers of events ob-
served in the data, the estimated numbers of background
events and the expected numbers of signal events for two
selectedmH values. For the low mass selections, five events
are observed in data compared to an expected number of
events from background sources only of 5.8±0.5±1.3. The
corresponding results for the high mass selections are five
events observed in data compared to an expected yield of
3.5±0.4±0.8 events from background sources only. In ad-
dition to the H → ZZ → !!νν decays, several other Higgs
boson channels give a non-negligible contribution to the
total expected signal yield. In particular, H → WW (∗) →
!ν!ν decays can lead to final states that are very similar
to H → ZZ → !!νν decays. They are found to contribute
significantly to the signal yield at low mH values. The
expected number of events from H → WW (∗) → !ν!ν de-
cays relative to that from H → ZZ → !!νν decays is 76%
for mH = 200 GeV and 9% for mH = 300 GeV. The kine-
matic selections prevent individual candidates from being
accepted by both searches. The Emiss

T distribution before
vetoing events with low Emiss

T is shown in Fig. 7.

7 Combination method

The limit-setting procedure uses the power-constrained
profile likelihood method known as the Power Constrained
Limit, PCL [13, 14, 64]. This method is preferred to the
more familiar CLs [15] technique because the constraint
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Fig. 7. Distribution of missing transverse energy in the H →
ZZ → !!νν search in the electron channel before vetoing events
with low Emiss

T . The expected yield for a Higgs boson with
mH = 400 GeV is also shown.

is more transparently defined and it has reduced overcov-
erage resulting in a more precise meaning of the quoted
confidence level. The resulting PCL median limits have
been found to be around 20% tighter than those obtained
with the CLs method in several Higgs searches. The ap-
plication of the PCL method to each of the individual
Higgs boson search channels is described in Refs. [7–11].
A similar procedure is used here. The individual analyses
are combined by maximising the product of the likelihood
functions for each channel and computing a likelihood ra-
tio. A single signal normalisation parameter µ is used for
all analyses, where µ is the ratio of the hypothesised cross
section to the expected Standard Model cross section.

Each channel has sources of systematic uncertainty,
some of which are common with other channels. Table 7
lists the common sources of systematic uncertainties, which
are taken to be 100% correlated with other channels. Let
the search channels be labelled by l (l = H → γγ, H →
WW , . . . ), the background contribution, j, to channel l

After parametrizing each 
component of the mixture 
model, the pdf for a single 
channel might look like this
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Simultaneous multi-channel model
Simultaneous Multi-Channel Model: Several disjoint regions of 
the data are modeled simultaneously.  Identification of common 
parameters across many channels requires coordination between 
groups such that meaning of the parameters are really the same.

where

Control Regions: Some channels are not populated by signal 
processes, but are used to constrain the nuisance parameters
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Dsim = {D1, . . . ,Dc
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}
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Combined ATLAS Higgs Search for 2011
State of the art: Our most recent combined Higgs search includes 100 disjoint 
channels and >100 nuisance parameters
‣ Models for individual channels come from about 11 sub-groups performing 

dedicated searches for specific Higgs decay modes
‣ In addition low-level performance groups provide tools for evaluating 

systematic effects and corresponding constraint terms
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Table 1: Summary of the individual channels entering the combination. The transition points between
separately optimized mH regions are indicated when applicable. The symbols ⌦ and � represent direct
products or sums over sets of selection requirements.

Higgs Decay Subsequent Sub-Channels mH Range
R

L dt Ref.Decay [GeV] [fb�1]
2011

p
s =7 TeV

H ! �� – 9 sub-channels {pTt ⌦ ⌘� ⌦ conversion} � {2-jets} 110–150 4.8 [14]

H ! ZZ(⇤)
```0`0 {4e, 2e2µ, 2µ2e, 4µ} 110–600 4.8 [15]
``⌫⌫̄ {ee, µµ} ⌦ {low, high pile-up} 200–280–600 4.7 [16]
``qq̄ {b-tagged, untagged} 200–300–600 4.7 [17]

H ! WW (⇤) `⌫`⌫ {ee, eµ, µµ} ⌦ {0-jets, 1-jet, 2-jets} ⌦ {low, high pile-up} 110–200–300–600 4.7 [18]
`⌫qq0 {e, µ} ⌦ {0-jets, 1-jet, 2-jets} 300–600 4.7 [19]

H ! ⌧+⌧�
⌧lep⌧lep {eµ} ⌦ {0-jets} � {``} ⌦ {1-jet, 2-jets, VH} 110–150 4.7

⌧lep⌧had
{e, µ} ⌦ {0-jets} ⌦ {Emiss

T < 20 GeV, Emiss
T � 20 GeV} 110–150 4.7 [20]

� {e, µ} ⌦ {1-jet} � {`} ⌦ {2-jets}
⌧had⌧had {1-jet} 110–150 4.7

VH ! bb
Z ! ⌫⌫ Emiss

T 2 {120 � 160, 160 � 200,� 200 GeV} 110-130 4.6
W ! `⌫ pW

T 2 {< 50, 50 � 100, 100 � 200,� 200 GeV} 110-130 4.7 [21]
Z ! `` pZ

T 2 {< 50, 50 � 100, 100 � 200,� 200 GeV} 110-130 4.7
2012

p
s =8 TeV

H ! �� – 9 sub-channels {pTt ⌦ ⌘� ⌦ conversion} � {2-jets} 110–150 5.9 [14]
H ! ZZ(⇤) ```0`0 {4e, 2e2µ, 2µ2e, 4µ} 110–600 5.8 [15]

to the shape of the shower in the electromagnetic calorimeter. For the 2012 data analysis, a cut-based
identification algorithm is used. The analysis in this channel separates events into ten independent cat-
egories of varying sensitivity. Similarly to the analysis of Ref. [22], the categorization is based on the
pseudorapidity of each photon, whether it was reconstructed as a converted or unconverted photon, and
the momentum component of the diphoton system transverse to the diphoton thrust axis (pTt ).

An additional two-jets category, specifically aimed at selecting events produced in the vector boson
fusion (VBF) process, has been added to the analysis for both 2011 and 2012. In this category, events are
required to have at least two hadronic jets with pseudorapidities |⌘jet| < 4.5 and transverse momenta in
excess of 25 GeV. For the 2012 data sample, the minimum p jet

T requirement is raised to 30 GeV for for-
ward jets (2.5 < |⌘jet| < 4.5). The two jets are further required to have a large di↵erence in pseudorapidity
(|�⌘ j j| >2.8) and a large reconstructed invariant mass (m j j >400 GeV). Jets in the acceptance of the inner
tracking system are required to have more than 75% of their associated track momentum matched to the
primary vertex. The azimuthal angle di↵erence between the dijet and the diphoton systems is required to
be larger than 2.6.

For all categories the diphoton invariant mass distribution is fitted to estimate the background and
used as a discriminating variable to distinguish signal and background. The mass resolution is approxi-
mately 1.7 GeV for mH⇠126.5 GeV, varying slightly by category. A detailed description of the H ! ��
analysis updates is reported in Ref. [14].

2.2 H ! ZZ(⇤) ! `+`�`+`�

The H ! ZZ(⇤) ! `+`�`+`� search is performed for mH hypotheses in the mass range between 110 GeV
to 600 GeV. The datasets correspond to an integrated luminosities of 4.8 fb�1 and 5.8 fb�1of pp for
2011 and 2012, respectively [15]. The main irreducible ZZ(⇤) background is estimated using a Monte
Carlo simulation. The reducible Z+jets background, which has an impact mostly for low four-lepton
invariant masses, is estimated from control regions in the data obtained by loosening the isolation and

2
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Visualizing the combined model
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State of the art: Our most recent combined Higgs search includes 70 
disjoint channels and >100 nuisance parameters

RooFit / RooStats: is the modeling language (C++) which provides 
technologies for collaborative modeling
‣ provides technology to publish likelihood functions digitally
‣ and more, it’s the full model so we can also generate pseudo-data
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FIG. 1. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → γγ, (b) H → ZZ(∗) → "+"−"+"− in the entire mass range, (c) H → ZZ(∗) → "+"−"+"− in
the low mass range, (d) H → ZZ → "+"−νν, (e) b-tagged selection and (f) untagged selection for H → ZZ → "+"−qq, (g) H →
WW (∗) → "+ν"−ν+0-jets, (h) H → WW (∗) → "+ν"−ν+1-jet, (i) H → WW (∗) → "+ν"−ν+2-jets, (j) H → WW → "νqq′+0-
jets, (k) H → WW → "νqq′+1-jet and (l) H → WW → "νqq′+2-jets. The H → WW (∗) → "+ν"−ν+2-jets distribution is
shown before the final selection requirements are applied.
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FIG. 2. Invariant or transverse mass distributions for the selected candidate events, the total background and the signal expected
in the following channels: (a) H → τlepτlep+0-jets, (b) H → τlepτlep 1-jet, (c) H → τlepτlep+2-jets, (d) H → τlepτhad+0-jets and
1-jet, (e) H → τlepτhad+2-jets, (f) H → τhadτhad. The bb invariant mass for (g) the ZH → "+"−bb̄, (h) the WH → "νbb̄ and (i)
the ZH → ννbb̄ channels. The vertical dashed lines illustrate the separation between the mass spectra of the subcategories in
pZT, p

W
T , and Emiss

T , respectively. The signal distributions are lightly shaded where they have been scaled by a factor of five or
ten for illustration purposes.

date Categories Nodes Parameters
Jan-09 3 50 10
Jun-10 6 374 37
Jun-11 24 7000 82
Nov-11 48 10000 164
Mar-12 70 13700 500
Jul-12 100 19000 580
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Figure 9: The distributions
f(qµ|0) (red) and f(qµ|µ) (blue)
from both the asymptotic formulae
and Monte Carlo histograms (see
text).

The vertical line in Fig. 9 gives the median value of qµ assuming a strength parameter
µ

′ = 0. The area to the right of this line under the curve of f(qµ|µ) gives the p-value of
the hypothesized µ, as shown shaded in green. The upper limit on µ at a confidence level
CL = 1−α is the value of µ for which the p-value is pµ = α. Figure 9 shows the distributions
for the value of µ that gave pµ = 0.05, corresponding to the 95% CL upper limit.

In addition to reporting the median limit, one would like to know how much it would vary
for given statistical fluctuations in the data. This is illustrated in Fig. 10, which shows the
same distributions as in Figure 9, but here the vertical line indicates the 15.87% quantile of the
distribution f(qµ|0), corresponding to having µ̂ fluctuate downward one standard deviation
below its median.
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Figure 10: The distributions
f(qµ|0) (red) and f(qµ|µ) (blue) as
in Fig. 9 and the 15.87% quantile of
f(qµ|0) (see text).

By simulating the experiment many times with Monte Carlo, we can obtain a histogram
of the upper limits on µ at 95% CL, as shown in Fig. 11. The ±1σ (green) and ±2σ (yellow)
error bands are obtained from the MC experiments. The vertical lines indicate the error
bands as estimated directly (without Monte Carlo) using Eqs. (88) and (89). As can be seen
from the plot, the agreement between the formulae and MC predictions is excellent.

Figures 9 through 11 correspond to finding upper limit on µ for a specific value of the peak
position (mass). In a search for a signal of unknown mass, the procedure would be repeated
for all masses (in practice in small steps). Figure 12 shows the median upper limit at 95% CL
as a function of mass. The median (central blue line) and error bands (±1σ in green, ±2σ in
yellow) are obtained using Eqs. (88) and (89). The points and connecting curve correspond
to the upper limit from a single arbitrary Monte Carlo data set, generated according to the
background-only hypothesis. As can be seen, most of the plots lie as expected within the
±1σ error band.
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Comparison of asymptotic and ensembles
The standard discovery threshold of 5σ corresponds to a probability of 3⋅10-7
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Figure 11: Distribution of the
upper limit on µ at 95% CL, as-
suming data corresponding to the
background-only hypothesis (see
text).
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6 Implementation in RooStats

Many of the results presented above are implemented or are being implemented in the
RooStats framework [15], which is a C++ class library based on the ROOT [16] and RooFit [17]
packages. The tools in RooStats can be used to represent arbitrary probability density func-
tions that inherit from RooAbsPdf, the abstract interfaces for probability density functions
provided by RooFit.

The framework provides an interface with minimization packages such as Minuit [18].
This allows one to obtain the estimators required in the the profile likelihood ratio: µ̂,

θ̂, and ˆ̂
θ. The Asimov dataset defined in Eq. (24) can be determined for a probability

density function by specifying the ExpectedData() command argument in a call to the
generateBinned method. The Asimov data together with the standard HESSE covariance
matrix provided by Minuit makes it is possible to determine the Fisher information matrix
shown in Eq. (28), and thus obtain the related quantities such as the variance of µ̂ and the
noncentrality parameter Λ, which enter into the formulae for a number of the distributions
of the test statistics presented above.

The distributions of the various test statistics and the related formulae for p-values, sensi-
tivities and confidence intervals as given in Sections 2, 3 and 4 are being incorporated as well.
RooStats currently includes the test statistics tµ, t̃µ, q0, and q,qµ, and q̃µ as concrete imple-
mentations of the TestStatistic interface. Together with the Asimov data, this provides
the ability to calculate the alternative estimate, σA, for the variance of µ̂ shown in Eq. (30).
The noncentral chi-square distribution is being incorporated into both RooStats and ROOT’s
mathematics libraries for more general use. The various transformations of the noncentral
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G. Cowan, KC, E. Gross, O. Vitells
Eur.Phys.J. C71 (2011) 1554 

[arXiv:1007.1727]

Recent formal developments allow us
to predict these distributions analytically.
Now a critical aspect of the Higgs search!

This would require ~10 million CPU hours with our present model complexity
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Where the Higgs is not
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Consistency with the background
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Consistency with the predicted rate
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Consistency in mass
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Consistency among channels
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Coming soon:
H→ WW→ lνlν @ 8TeV
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Evolution of the excess
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Evolution of the excess
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We need to study the different production modes
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What’s next for this “Higgs-like” particle
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Figure 2: The allowed parameter space of the e↵ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1� allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ⇤ ! 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e↵ective 5-dimensional hGa
µ⌫G

a
µ⌫ and hAµ⌫Aµ⌫ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e↵ective 5-dimensional operators, which implies the relation

�c� = (2/9)�cg. The results are shown for 3 di↵erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8

Carmi, et al. [arXiv:1202.3144
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Figure 3: Precision of tree-level Higgs-boson couplings as well as single-parameter modifier as a function of
the Higgs mass using current LHC searches as input. Results are presented for the luminosities used in the
analyses (left) and extrapolated to 20 fb−1 (right). Figure from Ref. [15].
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Figure 4: Overview of LHC expectations in different scenarios for energy and integrated luminosity for a SM
Higgs boson with mass of 125 GeV. Figure from Ref. [15].

14% is already possible for a Higgs boson mass of 125 GeV. On the right-hand side the channels making
use of subjet techniques [33] are removed. These consist of Higgs bosons produced in association with a
W or Z boson, where the Higgs decays into bottom quarks and the decay products are required to be
strongly boosted in order to reduce backgrounds. A significant drop in accuracy can be observed mainly
for two couplings. The coupling to Z bosons is now predominantly determined by the decay of the Higgs
to four leptons, which suffers from low event numbers for lighter Higgs masses. The bottom-quark Yukawa
coupling has to rely on the top-quark-associated production channel with decays into bottom quarks as well
as its contribution to gluon-fusion production. The first one suffers from a large combinatorial background,
while in the second case the bottom-quark loop is only a small contribution. The badly determined bottom
coupling then influences all other couplings via the total width.

3.3 Results and Expectations from Current Measurements

With direct search results available from the LHC, we can update the results of the previous subsection
using the actual background expectations and errors as described in the analyses [6, 7]. Thereby we assume
as input that there is a SM Higgs boson at the considered mass value and add a SM Higgs signal to the
background expectations. These results are depicted in Fig. 3. On the left we show errors on the Higgs
couplings using for each measurement the luminosity for which the analysis has been performed. With this

4

[Dührssen, Klute, Lafaye, Plehn, Rauch, Zerwas]

What’s next for this “Higgs-like” particle
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What’s next for this “Higgs-like” particle
We need to measure discrete quantum 
numbers

The observation of H→γγ excludes the 
possibility that the particle is Spin-1 
via the Landau-Yang theorem

Spin and CP properties to be 
measured in various channels
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Gainer, et al. [arXiv:1108.2274]
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We have observed a new particle with a 
mass near 126 GeV at the 5σ level!

...and this is just the beginning.
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Conclusions
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